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Cartilage and tendons owe their special mechanical properties to the fibrous collagen structure. These strong fibrils are 
aggregates of a sub-unit consisting of three collagen proteins wound around each other in a triple helix. Even though 
collagen is the most abundant protein in the human body, the response of this protein complex to ionizing radiation has 
never been studied. In this work, we probe the direct effects of VUV and soft X-ray photons on isolated models of the 
collagen triple helix, by coupling a tandem mass spectrometer to a synchrotron beamline. Single-photon absorption is 
found to induce electronic excitation, ionization and conversion into internal energy leading to inter- and intra-molecular 
fragmentation, mainly due to Gly-Pro peptide bond cleavages. Our results indicate that increasing the photon energy from 
14 to 22 eV reduces fragmentation. We explain this surprising behavior by a smooth transition from excitation to 
ionization occurring with increasing photon energy. Moreover, our data support the assumption of a stabilization of the 
triple helix models by proline hydroxylation via intra-complex stereoelectronic effects, instead of the influence of solvent. 
Introduction 
One quarter of the human body protein content is collagen, 
the main constituent of skin, bone, cartilage and tendons. The 
latter owe their mechanical properties to the collagen fibrous 
structure. The strength of these fibrils is due to the 
aggregation of long fibers made of three proteins wound 
around each other in the characteristic collagen triple helix 
structure 
1
. Many studies have been devoted to the triple helix 
stability and assembly in various solvents as well as to the 
design of collagen mimetic peptides 
2,3
. In particular, the 
peptides (PPG)10 and (PHypG)10 are widely used triple helix 
models (P: proline, Hyp: hydroxyproline,  G: glycine), with Hyp 
significantly increasing the thermal stability of the helix in 
solution 
4,5
. UV irradiation of collagen and triple-helix models 
has been performed in solution, showing that the radicals 
created cause significant and specific cleavage of Gly-Pro 
peptide bonds, accompanied by transition from helical to 
random coil conformations 
6–9
. However, to our knowledge the 
interaction of collagen mimetic peptides with ionizing 
radiation has not been studied in the gas-phase previously. 
In this work, we probe the processes induced by ionizing 
photon irradiation of the isolated collagen mimetic peptides 
(PPG)10 and (PHypG)10 and their trimer triple helix models, by 
coupling a dedicated home-built tandem mass spectrometer 
10
 
to VUV and soft X-ray beamlines of the BESSY-II synchrotron 
(Helmholtz Zentrum Berlin, Germany). The strength of our 
approach is the total control of the stoichiometry of the non-
covalent complex of interest. This is crucial for collagen, 
because solely three strands give rise to the characteristic 
triple helix structure. Furthermore, the intrinsic response to 
irradiation can be probed without any influence of a solvent. 
Previous investigations on biologically-relevant molecular 
systems in the gas phase by means of VUV to soft X-ray 
synchrotron radiation have revealed that proteins, 
oligonucleotides and their building blocks (amino acids, 
peptides, nucleobases…) can be photoionized by single photon 
absorption via electron removal from valence (VUV) or atomic 
(X-ray) orbitals 
11
. The accompanying electronic excitation can 
induce fragmentation if the molecular heat capacity is small 
enough that sufficient internal temperatures for thermal 
fragmentation are reached 
12
. Reports on photoionization of 
non-covalent complexes of biomolecules are scarce 
13–15
, 
mainly focused on the binding site of a ligand to a protein, and 
have not yet covered the X-ray range. The present 
experiments study the effect of non-covalent binding between 
collagen mimetic peptides on the processes induced by 
photoabsorption over a wide energy range (14-288 eV). The 
role of proline hydroxylation is also investigated. 
Experimental section 
All experiments were performed at the BESSY-II synchrotron of 
the Helmholtz-Zentrum Berlin, by coupling a home-made 
tandem mass spectrometer to the U49/2-PGM1 beamline for 
soft X-ray photons (150 and 288 eV), or to the U152/2 NIM 
beamline for VUV photons (12-30 eV). The set-up is shown in 
figure 1 and has been described in detail elsewhere 
16
. Briefly, 
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protonated peptides and their non-covalent complexes were 
produced by means of electrospray ionization, mass-over-
charge (m/z) selected by a Quadrupole Mass Spectrometer 
(QMS), and accumulated in a Paul trap where they were 
irradiated by the photon beam. The cations produced were 
analyzed by means of Time-Of-Flight (TOF) mass spectrometry. 
 
 
Figure 1 Sketch of the experimental set-up. 
The collagen mimetic peptides (PPG)10 and (PHypG)10 have 
been purchased from Peptides International (> 95 % purity) 
and used without further purification. The powder has been 
dissolved in HPLC grade water/methanol (50:50 in volume; no 
acid added) at a concentration of around 100 µmol/L. A 
syringe pump drove the solution at a flow rate of 70 µL/mn. 
The electrospray needle was biased at 4 kV and located at a 
distance of 5 mm in front of a stainless-steel capillary (T ≈ 350 
K; inner diameter: 0.76 mm; length: 20 cm) biased at 100 V. 
The ion beam emitted from the capillary was phase-space 
compressed by the combined radiofrequency (RF)+DC fields 
created by an ion funnel composed of 26 electrodes (DC 
voltage linearly decreasing from 25 to 13 V; RF = 276 kHz; Vpp = 
170 V) at a pressure of 4.10
-1
 mbar. The ions were then 
collected in the next chamber at 5.10
-4
 mbar by an octopole 
(RF = 582 kHz; Vpp = 430 V), followed by an exit diaphragm 
with a bias voltage of 40 V. Then, the ions were extracted 
during 100 ms and m/z selected by a QMS (1.10
-6
 mbar) before 
being bunched into a commercial Paul trap (Jordan Inc.). 
Trapping was aided by a pulse of He buffer gas of similar 
duration. The QMS can also be operated in guiding mode 
(where only the RF is on), in order to monitor all ions within a 
broad m/z range. The synchrotron beam was sent through the 
trap orthogonally to the molecular ion axis and focused at the 
trap center to optimize the beam overlap. The irradiation time 
was set by controlling a mechanical shutter, and the relative 
photon flux was monitored by a SXUV-type silicon p−n junction 
photodiode (Opto Diode, Camarillo, US). Typical photon fluxes 
were 10
12-13
 s
-1
, and the energy resolution was  
𝐸
∆𝐸
≈ 1000. To 
keep the contribution of multiphoton absorption low, we 
tuned the irradiation time to ascertain a maximum of 10 % for 
the precursor ion depletion. The trapped cations were then 
extracted by a high voltage pulse applied to the hyperbolic 
electrodes, and accelerated by another set of electrodes, 
before being detected by microchannel plates (MCPs) biased 
at -5 kV. The signal was finally recorded by a 1 GHz digitizer 
(Teradyne, North Reading, US). The typical resolution of the 
TOF spectrometer was 
𝑇𝑂𝐹
∆𝑇𝑂𝐹
≈ 500. The experimental period 
was 1 s, and we acquired one “photon beam off” spectrum 
(with the shutter closed) for two “photon beam on” spectra. 
Typically 500 of these cycles were necessary to obtain 
acceptable statistics, and we subtracted these “photon beam 
off” spectra from the “photon beam on” spectra. The result is 
a negative peak for the precursor ion and positive peaks for 
photoproduct ions. The resulting spectra were smoothed by 
adjacent averaging over 20 points, and calibrated in m/z. We 
also irradiated the trap residual gas without a molecular ion 
beam (by turning off the electrospray needle voltage) and 
recorded a spectrum for each photon energy (Eph) to spot 
background peaks. 
For Eph below 14 eV, the beam is possibly contaminated by 
higher harmonics from the undulator, leading to contribution 
of photons of higher energy. Therefore, we could not rely on 
the intensity of peaks at lower energy than 14 eV, close to the 
threshold ionization energy of these species. 
Since the detection efficiency of MCPs depends on ion velocity 
and thus m/z, all ion yields determined from the mass spectra 
were corrected by the detector efficiency, with the same 
method as reported earlier 
11
. 
Results and Discussion 
Source spectrum 
To study collagen mimetic peptides in the gas phase, we 
dissolved the powder in a water/methanol solution and used 
an electrospray ionization source (see the experimental 
section). In aqueous solution, it is known from the literature 
that collagen mimetic peptides form trimers with a triple helix 
structure 
4
. To reveal which species are produced in the 
electrospray process, a typical mass spectrum of 
electrosprayed ions from (PPG)10 solution is shown in figure 2. 
The main peaks are doubly- and triply-protonated (PPG)10 
monomers (M
2+
 at m/z = 1266.4 and M
3+
 at 844.6). We cannot 
completely rule out the contribution of 6+ and 4+ dimers or 9+ 
and 6+ trimers. However, the additional peaks at slightly 
higher m/z, which can be assigned to H2O adducts and Na
+
 and 
K
+
 ions substituting for one proton (see the insert in figure 2) 
indicate that monomers are the dominating contribution. At 
m/z = 1085.6, we observe unambiguously the protonated 
trimer [((PPG)10)3+7H]
7+
 noted T
7+
. The observation of M
2+
 and 
M
3+
 is in line with the 7+ trimer charge state, if we assume that 
it is composed of one 3+ and two 2+ monomers. This is also 
the expected statistical distribution of protons. The relative 
peak intensities in the spectrum do not reflect the relative 
abundance of the species formed by ESI, since they also 
depend on the QMS and funnel settings. After the electrospray 
ionization source, the ions enter a radiofrequency ion funnel 
and undergo many residual gas collisions. Therefore, it is likely 
that most of the trimers separate into monomers due to 
collision-induced dissociation (CID). This process has been 
reported previously for multiply-protonated molecular 
complexes in the same low collision kinetic energy range 
17–19
. 
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Our spectrum is thus consistent with the [((PPG)10)3+7H]
7+
 
trimer containing two [(PPG)10+2H]
2+ 
and one [(PPG)10+3H]
3+
. It 
is important to note that we obtained a similar source 
spectrum for (PHypG)10 (cf. figure S1), the other collagen 
mimetic peptides studied here. In addition to the T
7+
, however, 
for (PHypG)10 an additional peak that can be assigned to the 
five-fold protonated dimer is observed. This finding supports 
our assumption on the monomer charge state distribution 
within the peptide trimers. 
 
 
Figure 2 electrospray ionization source mass spectrum of a water/methanol solution of 
the (PPG)10 collagen mimetic peptide. 
Photoabsorption mass spectra of peptide monomers 
The mass spectra of the isolated [(PHypG)10+3H]
3+
 peptide 
monomer after absorption of a single photon of 14, 22, 32 and 
288 eV are shown in figure 3b. For comparison, the mass 
spectrum for [(PHypG)10+2H]
2+
 at 14 eV is plotted in figure 3c. 
The precursor ions (at m/z = 1266.4 for [(PPG)10+2H]
2+ 
and m/z 
= 844.6 for [(PPG)10+3H]
3+
) are not visible because of the 
employed data analysis (see the experimental section). In all 
these spectra, we observe singly ionized intact peptide ions 
[(PHypG)10+2H]
3+
 and [(PHypG)10+3H]
4+
 at m/z = 844.3 and 
633.4, respectively, due to non-dissociative ionization. We also 
observe fragments resulting predominantly from glycine-
proline peptide backbone bond cleavages, giving series of 
singly-charged 𝑏3𝑛  or doubly-charged 𝑏6𝑛  (they have the same 
m/z) and 𝑦3𝑛  fragments (𝑛 being a positive integer). In the 
high energy spectra, at 288eV, new fragment ions appear 
below m/z = 250. We attribute the main ones to internal 
fragments formed by at least two backbone cleavages (see 
figure 3a). This is in line with our previously reported mass 
spectra of peptides after X-ray single photon absorption: we 
showed that peptides of similar size or smaller undergo 
extensive fragmentation into low-mass ions due to one or two 
bond cleavages 
12,20
. 
The relative intensity of the peaks due to the different 
relaxation pathways (non-dissociative ionization and backbone 
fragmentation) depends on photon energy Eph but also on the 
initial charge state of the peptide. The most striking difference 
between the doubly- and triply protonated monomers is the 
significantly higher fragmentation yield for the latter. To gain 
deeper insight into the different processes triggered by single 
photon absorption, we have measured mass spectra for 
doubly- and triply-protonated monomers in the Eph range 14-
288eV for both (PPG)10 and (PHypG)10. Since the mass spectra 
contain peaks that can be assigned to the same species (except 
H2O loss after ionization, see the next sub-section) and follow 
the same trend for both, we only present the experimental 
data for the hydroxylated peptide. 
 
 
Figure 3 Photoabsorption mass spectra of [(PPG)10+3H]
3+
 at 14, 22, 32 and 288 eV (b) 
and of [(PPG)10+2H]
2+ at 14 eV (c). The position of the precursor ion is indicated by dots, 
ARTICLE Journal Name 
4 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 
Please do not adjust margins 
Please do not adjust margins 
as the corresponding peak appears negative (see the experimental section). NDI stands 
for non-dissociative ionization, the main fragment ions have been assigned, and the 
asterisk spots a background peak. On panel a), we add a zoom into the m/z = 70-260 
region of the mass spectrum of [(PHypG)10+3H]
3+
 at Eph = 288eV. All fragment ions are 
singly-charged, and the nomenclature for internal fragments stands for the two bond 
cleavages needed for their formation. The peptidic sequence with the main cleavage 
sites and the fragments formed are shown in the bottom of the figure. 
Non-dissociative ionization of peptide monomers 
As shown in figure 3, non-dissociative ionization is already 
observed for Eph = 14eV, giving the intact [(PPG)10+2H]
3+
 and 
[(PPG)10+3H]
4+
 peptide ions at m/z = 844.3 and 633.4. This is 
consistent with the reported experimental ionization energies 
of peptides of similar size and charge states (doubly 
protonated peptides: [Arg-8]-vasopressin: 11.7 ± 0.3 eV;  
substance P: 11.1 ± 0.6 eV; renin substrate: 12.2 ± 0.7 eV; 
triply protonated peptide: insulin B-chain: 13.3 ± 0.4 eV
21
). 
Figure 4 shows a superimposition of the peaks corresponding 
to the precursor and intact ionized peptide ions. The additional 
features on the high mass side of the peaks are already 
observed in the in-source CID of ((PPG)10)3 (cf. figure 2). They 
can be assigned to non-covalent binding of H2O and/or Na
+
 
and K
+
 (substituting for one of the protons) to the isolated 
peptide. Both patterns are similar, showing that single 
photoionization mostly keeps these non-covalent complexes 
intact, even at 288 eV. 
On the low mass side of the peak assigned to non-dissociative 
ionization, we observe the presence of an intense peak at m/z 
= 668.9 that can be attributed to H2O loss. This loss is observed 
from doubly and triply protonated (PHypG)10 and to a much 
weaker extent from (PPG)10 (see figure S2). We have already 
observed similarly pronounced H2O loss for a collagen 
hydroxylated peptide (the 423-448 amino-acid sequence of the 
α-1 chain of type I collagen), together with loss of other 
neutral molecules, and showed that they originate from side-
chains 
22
. Contrary to proline, the hydroxyproline side-chain 
contains an OH group, which is most probably involved in the 
pronounced H2O loss. Interestingly, the relative intensity of 
this peak (about 50 % of non-dissociative ionization) does not 
depend on Eph (cf. figure 4). Moreover, we do not observe such 
an intense peak corresponding to H2O loss from the precursor. 
This is consistent with this process being due to ionization and 
occurring with a very low barrier, presumably a radical-driven 
rearrangement followed by H2O loss, akin to the case of the 
423-448 sequence of collagen 
22
. 
 
 
Figure 4 Superimposition of the mass spectra of [(PHypG)10+3H]
3+
 without (black line) 
and with (red line) photon beam after photoabsorption of one 14, 22, 32 and 288 eV 
photon. H2O loss from the ionized peptide has been indicated, as well as Na
+
 and K
+
 
substitutions for one proton. 
Non-dissociative ionization and fragmentation of peptide 
monomers vs. photon energy 
To provide further insights into photoinduced processes in 
collagen mimetic peptides, figure 5a shows the relative yield of 
non-dissociative ionization and of the sum of all backbone 
fragment ions as a function of Eph, for [(PHypG)10+2H]
2+ 
and
 
[(PHypG)10+3H]
3+
. This relative yield is defined as 𝑅𝑌 =
𝐴
𝐴𝑝
, 
where 𝐴 and 𝐴𝑝  are the absolute integrated area under the 
peak(s) of interest and the precursor ion depletion peak, 
respectively. Note that the areas are corrected by the detector 
efficiency, as stated in the experimental section. For both 
charge states, non-dissociative ionization first increases with 
photon energy from 14 to 20 eV and then decreases up to 288 
eV. This trend has been observed over shorter energy ranges 
for photoionization of various neutral molecules 
23
 and singly-
protonated substance P 
24
, as well as for electron impact 
ionization of multiply-protonated peptides 
25
. There is a clear 
shift of the non-dissociative ionization yield with protonation 
state: for [(PHypG)10+3H]
3+
, it starts increasing at slightly 
higher Eph. This result is consistent with studies by Giuliani et 
al. 
26
 and Budnik et al. 
21
 who showed that the ionization 
energy of a protonated peptide increases with its charge-state 
due to Coulomb interaction between the ejected electron and 
the molecular cation. 
For both protonation states, the decrease in non-dissociative 
ionization above 20 eV is accompanied by an increasingly 
abundant fragmentation, which becomes the dominant 
channel between 30 and 40 eV (see figure 5a). This is 
consistent with an increase of the peptide excitation energy 
with photon energy, as more and more strongly bound valence 
electrons become accessible for photoionization. Below 20 eV, 
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however, fragmentation increases with decreasing Eph and 
becomes dominant at 14 eV for [(PHypG)10+3H]
3+
. These 
opposite trends for non-dissociative ionization and 
fragmentation indicate that in this energy range, 
fragmentation is not due to photoionization, but rather 
induced by photoexcitation of the peptides into highly excited 
electronic states, followed by internal conversion and 
intramolecular vibrational redistribution (IVR). This has been 
observed in photoabsorption of organic molecules over the 
same energy range 
27
. Our data are thus consistent with 
neutral highly-excited states smoothly converging to the 
ground-state ionized species. Moreover, the fact that non-
dissociative ionization (cf. figure 3) coexists with fragmentation 
over the entire present energy range shows that a single 
photon can probe a number of molecular valence orbitals. This 
is in agreement with photoelectron emission experiments on 
amino acids 
28
 and dipeptides 
29
. Interestingly, the evolution of 
excitation vs. ionization is qualitatively similar to soft X-ray 
photoabsorption spectra obtained for gas-phase protonated 
proteins 
30
 at the C, N and O K-edges. Here again, 
photoexcitation and direct ionization show opposite trends 
with photon energy. 
 
 
Figure 5 a) Relative yield of non-dissociative ionization (NDI) and of the sum of all 
backbone fragment ions observed as a function of Eph, for [(PHypG)10+2H]
2+ 
 (M
2+
) and
 
[(PHypG)10+3H]
3+ (M3+). b) Relative yield of the sum of 𝑏3𝑛 and 𝑦3𝑛 fragments (i.e. 𝑏3𝑛
+  , 
𝑏3𝑛
2+,  𝑦3𝑛
+  and  𝑦3𝑛
2+ ), and of the sum of other fragments, as a function of Eph. All yields 
have been obtained by calculating the peak areas and normalizing by the precursor ion 
depletion. 
Fragmentation of peptide monomers after photoabsorption 
To shed light on the different processes underlying backbone 
fragmentation, it is useful to plot the relative yield of the sum 
of 𝒃𝟑𝒏
+  , 𝒃𝟑𝒏
𝟐+ ,  𝒚𝟑𝒏
+  and 𝒚𝟑𝒏
𝟐+  fragments (presumably due to 
single backbone cleavage), as well as the sum of other 
backbone fragments (presumably due to multiple backbone 
cleavages), as a function of Eph for [(PHypG)10+3H]
3+
 (see figure 
5b). This shows that  single and multiple backbone cleavage 
are dominant at low and high energy, respectively. Most single 
backbone cleavages occur N-terminal to proline residues. This 
preferential cleavage site (the so-called proline effect) has 
been observed previously in CID or UV photofragmentation of 
proline-containing peptides 
31–33
. This is consistent with the 
fact that in our experiment, these fragments are mainly 
formed at low energy when photoexcitation without ionization 
dominates. We can infer that the higher fragmentation yield of 
[(PHypG)10+3H]
3+
 compared to [(PHypG)10+2H]
2+
 is mainly due 
to the additional proton, which can be transferred at a 
backbone N and induce bond cleavage. This “mobile proton” 
mechanism is widely known in CID of protonated peptides 
34
, 
and has been used to explain the proline effect 
33,35,36
. The 
dominance of multiple backbone cleavages at high photon 
energy can be attributed to increasing internal energy 
transferred to the peptides after photoabsorption, leading to 
further dissociation of the fragments formed by single 
backbone bond cleavage. 
 
Photoabsorption mass spectra of collagen triple helix model 
peptide trimers 
To investigate the excitation and ionization processes within 
the ((PPG)10)3 and ((PHypG)10)3 collagen triple helix models in 
the gas phase, we studied photoabsorption for Eph = 14-288 
eV. 
The ((PPG)10)3 peptide trimer 
In figure 6a, we show mass spectra of the non-covalent 
complexes [((PPG)10)3]
7+
 after single photon absorption at Eph= 
14, 22, 30, 150 and 288 eV. The peak at m/z = 950.0 observed 
in all spectra corresponds to [((PPG)10)3+7H]
8+
, i.e. non-
dissociative ionization of [((PPG)10)3+7H]
7+
. The observation of 
non-dissociative ionization at 14 eV is consistent with the 
ionization threshold energies of the 7+ charge state of 
cytochrome C and ubiquitin (reported to be lower than 14 eV 
26
), two proteins similar to ((PPG)10)3 in size. Magnifications of 
the 14, 22 and 150 eV mass spectra are shown in figure 6b, 
where the non-dissociative ionization and precursor ion peaks 
are superimposed. We can clearly see peaks corresponding to 
several species: the trimer with seven protons, but also H2O 
adducts, and Na
+
/K
+
 ions substituting for one proton. As for 
isolated monomers, trimers can be photoionized keeping the 
non-covalent interactions between H2O/Na
+
/K
+
 and the trimer 
intact, up to soft X-ray photon energies. The peaks around m/z 
= 1266, 845 and 634 can be assigned to the intact (PPG)10 
peptide with two (M
2+
), three (M
3+
) and four (M
4+
) positive 
charges, respectively. Adducts are also observed, which makes 
the assignment easier, e.g. we can rule out a large contribution 
of dimers with twice the monomer’s charge. Since the initial 
charges of the peptides within the trimer are most probably 
two and three, as mentioned earlier, we can assume that 
detecting the monomer with four charges is due to ionization 
of a 3+ peptide within the trimer, followed by inter-molecular 
fragmentation (i.e. dissociation of the trimer into monomers). 
The other peaks can be assigned to intra-molecular 
fragmentation (i.e. (PPG)10 backbone cleavages). It is 
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interesting that all these fragments also appear in the mass 
spectra observed with monomers. However, their relative 
intensities are different: lower for small fragments and higher 
for large ones. The only exception is a neutral loss (assigned to 
CO2) from the precursor ion at 14 eV. Overall, monomer 
fragmentation is strongly reduced at a given photon energy. All 
these observations are consistent with complexation effects, 
due to the substantial increase of the system size (by a factor 
of three) as well as to the H-bonds between peptides within 
the trimer. This supports our picture of fragmentation 
occurring after internal vibrational excitation by 
photoabsorption. A striking fact is the vanishing of 
fragmentation around 22 eV: despite the photon energy being 
at least 8 eV above the ionization energy, the trimer is ionized 
and remains intact, even without non-covalent bond cleavage 
(see figure 6). 
In figure 6c, relative yields of non-dissociative ionization, inter-
molecular fragmentation (sum of monomers) as well as intra-
molecular fragmentation (sum of fragments), are plotted as a 
function of photon energy. After absorption of a single 14 eV 
photon, the main channel is non-dissociative ionization, but 
we also observe inter- and intra-molecular fragmentation. 
When the photon energy rises to 22 eV, the non-dissociative 
ionization yield increases strongly and reaches a maximum, 
while inter- and intra-molecular fragmentations decrease and 
reach their minima. This trend is consistent with our 
observations for isolated monomers (cf. figures 3 and 5). Thus, 
we assign the inter- and intra-molecular fragmentations of the 
trimer between 14 and 22 eV to photoexcitation without 
ionization. Interestingly, the yield of intra-molecular 
fragmentation falls at an energy around 2 eV lower than inter-
molecular fragmentation. If we assume that photoexcitation 
deposits some vibrational internal energy into the trimer, 
which can lead to inter-molecular followed by intra-molecular 
fragmentation, this is consistent with the average internal 
energy deposition smoothly decreasing with photon energy.  
This supports our picture proposed for isolated [(PPG)10+3H]
3+
: 
highly-excited states reached by photoabsorption and 
smoothly converging to the ground state of the ionized 
peptide. 
For photon energies above 22 eV, non-dissociative ionization 
decreases while monomers and peptide fragments re-appear 
smoothly to become the dominant species in the soft X-ray 
energy range. This suggests that photoabsorption at these 
energies results in ionized trimers with sufficient internal 
energy to fragment. Interestingly, the yield of intermolecular 
fragmentation increases at around 26 eV, whereas the yield of 
intramolecular fragmentation rises at higher photon energy. 
Once again, this trend supports the subsequent fragmentation 
of the monomers emitted from the trimer. The fact that we do 
not observe peptide fragmentation between 20 and 30 eV is a 
noticeable difference compared with photoabsorption of 
isolated monomers, and is likely due to the greater system size 
and to complexation effects, as said earlier. We recently 
reported such a size effect for a range of peptides and proteins 
12
. For soft X-ray photon energies of 150 and 288 eV, we 
observe the appearance of peaks in the low m/z range which 
might be due to a high amount of internal energy deposited in 
[((PPG)10)3+7H]
7+
. However, at these energies, multiple 
ionization can also occur 
30
. While no evidence of intact multi–
ionised species are observed, the presence of internal 
fragments could also be the result of several radicals created 
along the peptide backbone by the multi-ionization. As seen in 
figure 6, single ionization can still be non-dissociative at these 
energies, showing that, as in the case of isolated (PPG)10, a 
range of orbitals is probed by the photon. The energy of 288 
eV corresponds primarily to the excitation of carbon 1s 
electrons to the π orbital of the peptide bond. This is expected 
to be followed by Auger decay 
38
, leading to mainly single but 
also double ionization, after which the internal energy is 
typically on the order of 20 eV 
12
. Therefore, the energy is 
ultimately deposited and distributed over the valence band, 
like for VUV photoabsorption, leading to fragmentation. 
Moreover, Zagorodskikh et al. 
39
 have shown that 
acetaldehyde double ionization after single-photon absorption 
at 40.8 and 95 eV (deep valence shell) is due to simultaneous 
emission of two electrons. If we assume that the same holds 
for the collagen mimetic peptides studied here, and since we 
observe similar spectra for 150 eV and 288 eV, we can 
conclude that Auger decay does not play a big role in the 
internal energy deposition and ionization of the collagen 
((PPG)10)3 triple helix model. 
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Figure 6 a) Mass spectra of [((PPG)10)3+7H]
7+ after absorption of one photon of 14, 22, 
30, 150 and 288 eV. Peaks corresponding to non-dissociative ionization (NDI), 
monomers (M) with two, three and four positive charges, and main backbone 
fragments are spotted. The m/z of the precursor ion is indicated by dashes. b) 
Superposition of the peaks corresponding to the precursor ion (blue) and non-
dissociative single ionization (red) of the triple helix model [((PPG)10)3+7H]
7+ after 
photoabsorption of one 14, 22 and 150 eV photon. c) Relative yield of the main 
channels as a function of the logarithm of photon energy. We summed all monomer 
charge states to obtain “Sum of monomers” and the singly-charged main backbone 
fragments for “Sum of fragments”. 
((PHypG)10)3: Effect of Proline Hydroxylation 
Photoabsorption experiments on the hydroxylated collagen 
mimetic peptide trimer with seven charges are presented in 
figure 7. A mass spectrum after absorption of one 20 eV 
photon (figure 7a) shows that the dominant channel is non-
dissociative photoionization, as for ((PPG)10)3. We also detect 
monomers (M
2+
, M
3+
 and M
4+
), but a previously unseen species 
is the dimer (D
5+
). This is again consistent with the initial 
presence of one M
3+
 and two M
2+
 monomers in the trimer. The 
evolution of non-dissociative ionization, monomers and the 
dimer as a function of photon energy is plotted in figure 7b: 
the rise of non-dissociative ionization between 14 and 20 eV is 
the same as in the case of the non-hydroxylated trimer, 
suggesting that hydroxylation has a negligible effect on the 
ionization of this species. Above 20 eV, non-dissociative 
ionization is approximately constant. The high monomer 
charge states (M
3+
 and M
4+
) follow the same trend as non-
dissociative ionization in the whole energy range, which is in 
line with inter-molecular fragmentation after photoionization. 
At 14 eV, the dimer 5+ has about the same yield as the 
monomer 2+, which is expected if they mainly come from 
photoexcitation of a trimer 7+ without ionization. Then, the 
dimer yield strongly decreases, while that of the monomer 2+ 
does much less so. This is probably due to the progressive 
transition from photoexcitation to photoionization, the latter 
being followed by dissociation of the trimer into monomers 
only, which gives a charge distribution of either (2+,3+,3+) or 
(2+,2+,4+). The fact that the monomer 3+ is more abundant 
than the 2+ might be due to the higher probability of forming a 
monomer 3+ compared to a monomer 4+ after single 
ionization. This could be related to inter-molecular charge 
transfer before dissociation of the trimer. It is important to 
note that fragmentation of monomers is not observed at these 
energies, in sharp contrast with the non-hydroxylated trimer. 
This is in line with the presence of the dimer after 
photoexcitation at low energy, and might be linked to a 
stabilization of the triple helix model by the hydroxyprolines. 
Previously reported condensed phase experimental work lead 
to the same conclusion, indicating that this can be explained 
either by H-bonding between OH groups of hydroxyprolines 
and H2O molecules 
40
, or by stereoelectronic effects tightening 
the triple helix structure 
5
. The fact that our gas phase 
experiments on the same system also point to a stabilization 
supports the second hypothesis. It would imply that the triple 
helix structure is not strongly modified by the electrospray 
ionization process. Even though native structures have been 
found to be conserved in the gas phase by this kind of source 
41,42
, we do not have sound experimental evidence in the case 
of the collagen mimetic peptide trimers. In the near future, we 
plan to perform ion mobility spectrometry to measure the 
collision cross-section of these systems and obtain information 
about their structure. 
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Figure 7 a) Mass spectrum of the collagen mimetic peptide trimer ((PHypG)10)3
7+ after 
absorption of one 20 eV photon. b) Relative yield of the main channels as a function of 
photon energy. 
Conclusion 
We report the first experimental investigation of collagen 
mimetic peptide photoabsorption in the gas phase using mass 
spectrometry as a tool to unravel the photo-induced intrinsic 
molecular processes over a large photon energy range (14-288 
eV). At low energy (14-22 eV), our results show that a smooth 
transition between photoexcitation and photoionization 
occurs for (PPG)10 and (PHypG)10 peptides and their trimers. 
Above 22 eV, photoionization is dominant, and part of the 
photon energy is converted into a certain amount of molecular 
vibrational internal energy, which increases with photon 
energy, leading to more extensive fragmentation. 
Photoabsorption by the (PPG)10 trimer triple helix models first 
causes inter-molecular fragmentation, then intramolecular 
fragmentation. The peptidic fragments formed are mainly due 
to Gly-Pro peptide bond cleavage, in line with previous studies 
in solution and gas phases, indicating an intrinsically weak site 
in collagen. The absence of intramolecular fragmentation in 
the (PHypG)10 trimer also show a stabilization of the triple helix 
structure by hydroxyprolines, probably due to stereoelectronic 
effects as suggested by solution-phase experiments. More 
experiments are nevertheless needed to confirm the survival 
of the triple helix structure in the gas phase for these collagen 
mimetic peptides. 
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